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EFFECT OF CHANGES IN ASPECT RATIO, SIDE AREA,
FLIGHT~PATH ANGLE, AND NORMAL ACCELERATION
ON LATERAL STABILITY

By M. J. Bamber
SUMMARY

Computations have been made t0 determine the effect
of changes in wing aspect ratio, additional side area,
flight~path angle, and normal acceleration on the relation
between the fin arsa and the dihedral angle required for
spiral and for oscillatory lateral stability for a hypo~
thetical airplane of the pursult or fighter categories,
The calculations, however, are applicable to any type of
airplane characterized by the parameters and the data em=-
ploycd, The results of the computations are prosented in
the form of diagrams of fin area plotted against dihedral
angle showing the combinations of these variablcs for whiaeh
the airplane has both spiral and oscillatory stability.

The diagrams indicate that the effect of wing aspect
ratio on lateral stability is small. The increased crossg=-
wind force that accompanies an increase in side area is
advantageous in that it makes less difficult the selection
of a fin area and a dihedral angle that will give lateral
stability at high speed as well as at low speed with flap

extended.,. The effects of flight path and normal acceleration

are such that airplanes, which are laterally stable in level
flight, may become unstable in a glide or a climb or when
subjected to normal agcelerstion.

INTRODUCTIOW

The results of investigations reported in references 1
and 2 show that the present-day trends in airplane design
toward higher wing loadings and larger values of radii of
gyration in roll and yaw make the attaiament of leteral
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stability difficult, if not- impossidble., It has beconme
important, therefore, to study in detail all factors that
affect the lateral stability of the airplane., The limits
of fin area and dihedral angle required for lateral stabil-
ity of an airplane as affected by variations in airplane
density, radii of gyration in roll and yaw, wing chord,

and tnll length have previously been computed and prescated
in reference 1,

The present report is a continuation of the work of
reference 1 and includes the effects on lateral stability
of changes in aspect ratio, side area, flight-path angle,
and normal acceleration. The results are given in the form
of diagrams of dihedral angle against fin area for neutral
spiral and oscillatory divergence.

AIRPLANE PARAMETERS

The airplanc considered in the investigation was
assumed to have the following characteristics: wing area
Sw» 200 sqguare fect; total weight W, 6000 pounds; wiag
loading W/S, 30 pounds per square foot; ratio of radius
of gyration in roll to wing span kX/b, 0.125; and ratio
of radius of gyration in yaw to wing span ky/b, 0.175,

The changes in the paramcters studied are given in
the following table:

" A b 1,/ | 1./ | Sg
(£t) & & —a Y g
Sy |(deg)

Mean
value 9.7 8 | 40 0.400 - 0 -0 1
Aspect 13.72 4 | 28,28 0.566 ———— 0 0 1
ratio 6.86 116 { 56,57 . 283 ———— 0 0 1
Addition-
al side g.7 8 | 40 0.400 0.2 0.06 0 1
area 9.7 8 | 40 ,400 0.2 212 0 1
Plight-
path 9.7 8 | 40 0,400 i 0 20 1
angle 9.7 8 | 40 , 400 -——— 0 ~20 1
Normal '
accel- 9.7 8 | 40 0.400 —-———— 0 0 2
eration 9.7 8 | 40 .400 —-———— 0 0 6




vF v
pt

where

w  ratio of airplane desmity to alr density computed
for standard air density at sea level (m/pS,b)

m airplane mass

o alr density

Sy wing area

v wing span

A aspect ratio

S¢ fin area

sfa additional side area

1t/b ratio of distance from centey of gravity of airplane
to center of pressure of fin to b

1,/ ratio of distance of ASg ahead of center of
gravity to Db &

v flight—-path angle
g normal acceleration

For the computations, one parameter was varied at a
time while the others were kept at the mean value, These
mean values were the same values that were used for like
quantities in reference 1,

With regard to the variation of aspect ratio, the
changes in p and 14/b result from the change in b
hat accompanies the change in A. The wing loading and
the value of 1y are constant for all values of A, From
elementary considerations the ratio of changes in radii of
gyration to wing span in roll kyx/bd and in yaw k,/b would

be expected to change with A; an examination of existing
data from present~day types of alrplane, however, showed no
general tendency for these values to vary with A,

The additional side area Sf, 1s used to represent an

increase in the cross-wind force of an airplane over that of
the streamline fuselage for which the original data were



obtained. For convenience, the additional side area Sgr
is divided into two parts: ASy,, which 1s added ahead of

the center of gravity, and ASf, which is added to Sg.

The value of ASf is so chosen that it will exactly counter-
act the unstable yawing moment due to sideslip of ASfa;

that is, the weathercock stability of the airplane is not
affected by changes in Sfa.

Because few data are available for some of the aero-
dynamic characteristics required, the lateral-stability
derivatives were computed from the dimensions and parameters
given, The contributions of each component of the airplane
are added to give the values for the complete airplane.

In the computation of the lateral-stability deriva-
tives, the changes in the aerodynamic characteristics due
to changes in the interference effects between the component
part of the airplane and the effect of changes in power are
assumed to be zero, Actually, for an airplane, some of these
effects may be large, especially for conditions other than
straight level flight. Some of the interference effects
caused by wing location on the variation of the derivatives
that depend upon sideslip are given in references 3 and 4.
It follows that the derivatives used in the calculations
may not represent the actual characteristics of the geometric
arrangement assumed. The results, therefore, should be re-
garded as applicable to an airplane characterized by the
stability derivatives used rather than by a given geometric
arrangement,

The stability derivatives used and their variations
with the airplane parameters were computed by the following
relations, which are intended to include the effects of the
parameters and particularly the changes in fin area, addi-
tional side area, and dihedral angle. These relations are
the same as given in refercnce 1, modified for constant wing
ares and with a term added to include additional side area.
The stability derivatives .are the instantaneous rates of
change of the aerodynamic coefficients with attitude or
angular velocity when the attitude angle or the angular ve-
locity is zero. ©For convenience, the partial derivatives
are written in the form

ac, aC, 30,

Cy Cq Cy etc. instead of . .
B’ p’ r’ 3B 3kh  jrbd
A 2V

’ etc.
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Cy force or moment coefficient (rolling-moment coeffi-
cient in this case)

B angle of sideslip

P rolling velocity

T yawing Veloéity

i velocity of flight

The relation for the derivatives is

C = + ¢ + C + C
I ~ "Yg(fuselage) T8 (sy) TB(sp+aSy) Y8 (ass,)

(Sf+ASy) AS
- L . 3,48 22fa
SW SW

(1)

where
Cy force coefficient along Y axis of airplane

8 angle of sideslip, positive when the right wing is
into the wind, radians

and the subscripts indicate the contribution of the corre-
sponding part of the airplane to CYB.

The constant 0,16 in cYB(f 1 ) was computed from
uselage

the relation given in reference 1 for an aspect ratio of 8
and represents the condition for a constant ratio of wing
area tc fuselage size,

Although CYB(SW) varies with dihedral (references 3,

5, 6, and 7), this derivative has not been included because
it is counteracted, at least partly, by the derivative of the
side force due to rolling CYP.




The rate of change of normal force on the fin and
additional side area with angle of sideslip, cYB(Sf+ASf)and

Se+AS A
Cyg(se. ) is equal to -3.48 i_f__fil and -3.48 —Eiﬂ
:‘3 Sfa S S
W w

in terms of the wing area. The term Sg/8S, is the ratio

0f fin area to wing area (a variable for this investigation)
and 3,48 is the rate of change of normal-force coefficient
on the fin with sideslip angle B for an effective aspect
ratio of 3, The value obtained with the fin used on the
model in reference 3 is about 3.48,.

G = U + C +

= —_— \ .
A (oY (Sg+85e)) <1a I ( ASf
= K7 - = -=% giy 248 e [ 22 L4828
1l - Kb 7= sin 1)\8 48 5 / - sin {j 3.48 5 (2)
where
Cy rolling-moment coefficient

c
‘a(s,) = kT

K, varies with aspect ratio; it is equal to -0,0175
for A = 16, -0,0141 for A = 8, and ~0.0114
for A = 4., The values of ¥, were obtained

from data given in reference 6 for a wing of a
2:1 taper ratio,

T effective dihedral angle of wing, degrees

Effective dihedral angle is used throughout this report
as a fictitious angle that would give the wing the value of
Ci1pse VWing plan form and elevation, as well as large inter-
ference effects, contribute various amounts of 018. (See
references 3, 5, and 7.)

The contribution of the fin to the value of 015 ié

<§ s >( (s£+85£))
b p Sini \.48 '“?ir*“]
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where (3 - .%t. sin i> is the assumed ratio to the wing

b _ ,
span of the vertical distance of the center of pressure on
the fin above the center of grawvity. The value of X was

- asgumed-to0 -be the dlstance from the fuselage center line to

the center of pressure of the fin, TUpon the assumptlon that
the distance from the top of the fuselage to the center of
pressure of the fin varied with the square root of the fin
area and by the use of data from reference 3, the relation

% = 04025 + 0.23 « (S§+AS¢)/8y was obtained and used for

all variations of the fin. The value of 1, the angle of
fuselage center line to the horizontal, was zero for all
cases when the 1ift coefficient C;y was equal to D.2+¢ Por
other values of Cyp, the value of i depended upon bpth

¢, and A, The value of 1 for Cp = 2.8 was the same
as for (p = l.4., The increase in (Op was obtailned by

merely deflecting the flaps with no change in the angle of
attack, The term 3,48 (Sg+AS¢)/S, was used in the expresw

slon for CYB(Sf+ASf).

The contribution of the side area added ahead of the
center of gravity is

ASy \

/

1, '
", sin i/ 3448

Sw

which 1s similar to that of S¢ * ASy except that thc cenw
ter of pressure of Asfa was assumed to be on the fuselage

center line,

0, .

B = Omp(fuselage) * Cnp(s,) ¥ Cnpgpeasy) ¢ °n5@mfa)

-0, 204 1 +ASE
= 1 kg, + =t (8.48 32082 *> - 12 (5,408 sf)
VK b Sw b Sw

where Cp 1¢ the yawing~moment coefficient,

A valuve of ¥, of 0,009 was used for plain wings and of
0,030 when the flaps were deflected, Values far Ky may
vary considerably with wing forms, (See references 5 and 7,.)




The value Ong . o b o) =-0,204// A was obtained

from data in reference 3. The change from the expression
given in reference 1 was negessary  because for this in-
vestigation the fuselage and the wing area are constant.

The contribution of the fin =and the -side area to -the
value of an is the computed variation of the normal

forée with £ on tye fins ,GYB(Sf+ASf) ané FY?‘ASfa)'J

times the nondimensional lever arms Zt/b and Za/b, re—~
spectively. ' )

= KB ' ’ (4)

where the values of X, (from reference 6) are =0,6 for
A =16, -0.5 for L =8, and -0.4 for & = 4, The
values of O . mnmd C re probabdil:
& lp(se+aSe) O lp(fuselage) = probadiy
very small as compared with Gy ) "and therefore have
plwing) _

not‘been wsed,

c, = G L+ 0 . + C
Bp Bp(Sy) - Pp(Sp+dSe) Bp(ass, )

1l

Z”Gl‘fui b an ) (3 48 S_f_f____ASi\
T \UD )

Ky01, + 2— - —%* gin i
\ b . Sw /
. . L L A S'f N - . . s -
- 2J3<—ﬂ=sin ;‘<3.48 w-é\ oo (8)
b ) / 5 w /

where K, varies with the aspect ratio and is (from ref-
erence 6) ~0.089 for A = 16, -0.065 for A =8, and
~0.04‘O for A = 40

Th 3 f C. ‘ that 1

e expresslion for "0 (S5p4+05¢)" that is,
1w/ F 1 N7 Sp+A8
SE(0E 28 gin i) 5.48 (8p+lSye)
b b b / L SW

is the rate of change of the yawlng moment with the rolling
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veloecity, produced by assuming that the normal force on
the fin is proportional to the angle induced at the cen-

" ter of pressure _of the fin by the rolling velocity; ac~

tually, the inddced angle is a variable along the fin.

The expression for cnp(ASf ) is the same as for
an(Sf+ASf) with the center of ASfa on the fuselage
center line.

o] C
T Clr(s,) t Olr(speasg) * Olriosg))

x 1 Sp+AS
0.25 Cp + 2——~K - % gin 1> <3.48 £ f)
b b Sy

1o (1 ) A8
—2—-3-<—§— sin i)(3.48- f> (6)
b b

where the value of 0,25 was obtained from data given in

reference 6, and the terms for Czr(s +AS2) and clr(ASf )
f+05¢ a

[}

are of the same form as for C and

C, :
np(ASfa)'
but, in this case, the angle is induced by the yawing ve-
locity and the values are probably more nearly repre-

sentative of the actual values of the derivative than the

values given for C and C .
® Bp(Sp+0Se) "p(ass,)

Cnp = Cnr(fuselage) * Cnr(Sw) * 0nr<Sf+ASf) * cnr(ASfa)

_ =0.0242 +<K50L2 _ Ké) 5 t> ( sf+Asf>
Vi
2 AS
1 f
—z<—%> <3.48 : a) (7)
b . Sy

where Kg (from reference 6) is -0,0113 for A = 186,

~0.02105 for A = 8, and ~0.03838 for A = 4. The con-
stant Kg depends on the profile-drag coefficient of the
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wing (reference 6) and is assumed to be 0.003 for the plain
wing and 0,030 for the wing with flaps deflected. The wvalue

~0,0242/./4 was computed from the relations given in ref-
erence 1 for the fuselage. This form is used in the pres~
ent invesgtigation because the ratio of wing area to fuse-

lage size is constant and C varies inversel
< nr(fuselage) y

with span.

The expressions for Gnr(8f+ASp) and Cnr(ASf y -
* - Ta

2 ‘2

| , AS
2 < S8 2 [la\ fé)

h i 3.48 - { =) 3,48 -

that is, B\b’/ 5o ) andl 2\‘b/ \ 50

are the nondimensional forms of the rate of change of yaw-
ing momecnt due to the fin with yawing velccity.

CALCULATIONS

The boundarics of ncutral spiral and oscillatory sta-—
vility were computed by use of the latoral-stability equa-~
tioneg from %he theory of small oscillations as given in
reference 8. Lateral stability depends upon the values
and the algebraic sign of the term E of the stability
equation ond Routh's discriminant. When the value of &
becormes ncegative, the airplanc becomes spirally unstable.
The letcrel ogcillations increassc in amplitude when the
value of koutn's di1scriminsnt bocomos negative.  The lim-

its of the stebie rcgion are thercfore dcfined by the
valucs of I' and S¢/8, when E = O and Routh's discrim-
inant = 0. ‘

RESULTS AND DISCUSSION

The results of this investigation arc presented in the
form of diagrams, figurcs 1 to 4, showing the variations
in the compuicd boundaries of spiral and oscillatory sta-
bility with 8./3,, the ratio of fin arca to wing area,
and with T, +{hc effcctive dihedral anglec. The valucs
of §7/S, where Opg 1is zero and 0.05 and the values of

G145 when T is 10° are indicatcd on the figures. The

weathercock stability is neutral where CnB is zero.
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The rosults, in gencral, indicate that the value of

' recquired for spiral stadbility increases-with -0p- and
Sf/8Sw. The value of S5/Sy, required for oscillatory sta-
bility decrecases with I’ for soeveral degrees.and thon
incroages with continued increase in I'. For some casos
the diaggrams do not cover a sufficient range of I’ to
show the incrcase in S5/Sy. The rate of change of Sg/Sy
with T rcquired for oscillatory stabllity incroases with
Cg. . :

The stability boundarics for O = 2.8 may appear to
be inconsistent with the other 1ift cocfficients. The
differencgs, however, rosult from the changcs in OCp,

CnS’ and Cnr_ produced by the flaps and fromn the assump-

tion that the angle of attack is tho same as for the con-
dition with no flaps, that is, CL = 1.4,

Effect of changes in aspect ratio on stability bound~
aries.- For spiral stability,’ increasing A increases
the minimum permlssible value of I' and decreases the ale~
lowable value of S¢/8,. (See fig. 1.) TFor oscillatory
stability, increasing A decreases the value of S¢/8y
reguired for the normal range of wvalues of I', - but for
very large values of I' at the high 1ift.coefficients,
this e7fect may be reversed. The resulting effect of in-
creasing aspect ratio on Iateral stability is to reduce
slightly the required value of S¢/S,; and to increase the

required value of T,

Effect of changes in side area on stablility bound-
arics .- Adding side area Sf as assumed in this investi-

gantion 1ncreases the darplng coefficients . Cy; and C

and has no effect on the weathercock- stabllity coefficlent -
Cns. Increasing Sf /S decreascs the minimum permissi-
ble value of I' for spiral stability and allows larger
valucs of Sg/8, %o be used. (8ceé fig. 2.) .For oscilla-

'tory stability,-incrOasing S S" reduces the required

value of 8¢/Sy

The rgsulting:effect of inecreasing ,Sfa/éw,.is.to,al—

low much greater variations in the value of Sf/Sw that
can be used. Another variation of side area has been re-
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ported in reference 1, that is, the case of changes in
tail length. Incréasing the tail length through the nor-
mal range and decreasing 65;7/S, so that CnB remains
constant produces only minor changes in the stability
boundaries. Decreasing Sg/S, and increasing the tail
length increases Cnr but decreases the side area and

therefore CYB. Adding the side area increases both OYB
and Cnr’ It appears that, in critical cases, it would
be best t0 add side area as far from the center of grav-

ity as possible.

Effect of changes in flight path on the stability
boundaries.- A change in the flight path from a dive to a
¢limb greatly reduces the allowable range of Sg/Sy re-

quired for spiral stability. (See fig. 3.)

For the range of values of I' normally used, flight
path has very little effect on the oscillatory stability
boundaries. At the high 1ift coefficients and large val-
ues of I'y changing the flight path from a dive to a
climb slightly reduces the possibility of oscillatory in-
stability.

The resulting effect of changing the flight path is
that an airplane will have nmuch less spiral stadbility and
may have slightly more oscillatory stability in a climdb
than it will have in.a dive. This result indicates that,
for satisfactory stability throughout the flight range,
an airplane should have more lateral stability than is in-
dicated by rcsults for level flight.

As stated before, the computations do not include the
direct effects of thce propeller nor of the slipstream.
The large change in power reguired between a glide and a
climbing condition is known to have a large effect on the
stability derivatives of some airplanes.

Effcect of changes in normal accceleration on lateral
stability.~ Normal acccecleration has no effect on the spi-
ral stability boundary, beccause it enters into the E
term of the equationg of motion as a multiplying factor.
(See refercnce 8,) It increases the magnitude of the
value of E with rcspect to the othor terms, however, and
the spiral motion will therefore be affected.
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Increasing the normal acceleration increases the
value of 8¢/S, reguired and decreases the maximum value

of I' allowable for oscillatory stability. (See fig. 4.)
These -results indicate. that an alrplanc which is normally
stable may be unstablc when subjected to normal accelora-
tions., The computations were based on the assumption that
the alrplane is in straight level flight and is subJected
to » continuous normal aceeleration. This flight condi-
tion is a physical impossibility. It is believed, however,
that these flight conditiors may be approached for short
intervals during pull~ups, in banked turns, and in gusts.

It was thought that possibly, in practice, the period
of the unstable motion of the airplanc might be too long to
be of any particular importance becrausc of the short time
that the acceleration would cxist. Accordingly, compubta-
tions wecre made for the mobtions in roll ¢, in sideslip
B, =and in heading V¥ with unit rolling moment and with
unit yawing momcnt, each appliecd indopendently with normal
accclorations of 1g and 6g. Thc motions were obbtained by
solving the equations of motion. The assumed characterls-
tics of the airplane arc tho samc as were uscd in obtain-
ing the stability boundaries. A value for 8¢/S, of 0.05

and a value for I' of 6° wns chosen for the computations
in ordecr that tho oscillatory motion would be stable for
lg acccocleration and unstable for 6g accelceration. (Sece
fig. 4(c).)

The resulting motions of the airplane are given in
figures 5 to 7. In figurcs 5 to 7 the notions are given
as time in soconds to obtain the angle of bank ¢, the
angle of sideslip B, and the angular heading VY in
radians for unit applicd rolling moment or unit appliecd
yawing momecnt.

Tho,motions for 6g acccleration were conputed for a
value of OCp of 1.4. The motions werc also computed for

lg acceleration at values-of Cp of 1.4 and 0.233 for

comparisons.at the same attitude snd at thc same airspecd.
In order to obtaln an acceloeration of 8g, it is nccessary
. for this assumed airplane to travel at a spced of 328.7
fecot per second as conpared with 134.2 fcet por sccond for
lg at a value of Op of 1.4,

Figures 5 and 6 show largoc oscillations in roll and
sideslip within 3 scconds for the condition with 6g ac-
celeration although, in this sanc time intorval, there is
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noe evidence of oscillation with lg acceleration for the
same disturbanceé. These oscillations are likely to con-
fuse the pilot as well as to allow the airplane to at-
tain attitudes in which the aerodynamic characteristics
and the stalling characteristics are greatly different
from those in the normal flight range. -

General comments.- The results of this investiga-
tion arc intended to indicate gencral effects of changes
in certain airplane paramebers and flight conditions and
are not intended to indicate the stability characteris-
tics of any varticular airplane. The general results of
the investigation may be summed up by pointing out the
factors that make the attainment of lateral stability morec
critical and difficult, and thce conditions of flight in
which latoral instability is most likely to Dbe cncounterecdl

1., Smail amounts of side area for equal valucs of CnB

2., A climbing attitudc for spiral instadbility and a
dive for oscillatory instability

3. Any mancuver in which thoe normal acceleration is
increasecd

Other factors, such as the type and degree of stadility de-
sired and the choice. of aerodynamic characteristics used,
have a large coffect on the interprctation of these results.

Although the typc =nd the degree of stability that af-
focts the control and the riding qualitics of the airplane
src oubside the scopc of this roport, some of the follow-
ing factors should be mentioncd: It is normally consid-
ored that, for satisfactory stablility characteristics, the
oscillatory motion should bc highly damped, that is, the
airplanc should have a large amount of oscillatory stabil-
ity. This stability can be obtained by proportioning the
effoctive fin arca and the offective dihedral angle in
order that their veslues, when plotted on a diagram such as
figure 1 for a particular airplance, will be in a stable
arca and woell away from the zero oscillatery stability
boundary of thc airplanc. The distance from the boundary,
althouzh an indication, is not a guantitative measurc of
the amount of damping. For good riding qualities in rough
air, thec amount of spiral stability should be small; some
stability i1s considercd dosirable, particularly for fly-
ing conditions of poor visibility, although spiral insta-
bility is gencrally considered to be preferablc to a
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poorly damped oscillatory motion, The value of

should be positive, giving weathercock stability; tge value,
however, is dependent upon the.spiral and osclllatory sta- .
Pility requirements, Thess concepts are further substanti-
ated by the experimental data of reference 9 in which are
reported the results of a free-flight-tunnel investigation
in which the directional stabllity and dihedral were variled
over a wide range, In another fres-flight-tunnel investi-
gation (reference 10) it was found that although lateral
stabllity was easier to obtain with larger values of the
side~force derivative Oy, , the lateral control character—

istics were considerably impaired and in certain configura—
tions increasing CYB' gave poorer over—all lateral flying

characteristics,

COXCLUSIONS

From the analysis for spiral and oscillatory lateral
stability in which assumecd data are used.for changes in
certain airplane paramutors, the following conclusions may
be drawn:

1, . An incrcase in the aspect ratio of the wing of an
airplanc rcogquires a smallcr firn arcs but makes little dif-
fercnce in the attainnent of lateral stability.

2. Adding side arca makes the attainment of iaterai
8tability considerably less difficult.

3., An airplane is more likely to be spirally unsta-
ble and slightly less likoly to have oscillatory insta-—
blllty in a clinmbing attitude than in a gliding attitude.

4. Nornal acccleratlons are likely to.cause oscilla-
tory instability and the resulting notlons may be confusing
to the pilot.

Langley Hemorial Aeronnutical Laboratory,
National Advisdory Comnittee for Aeronautlcs.
LangleJ Fleld Va. . ‘ :
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